Polycrystalline silicon (poly-Si) films formed by post-annealing of precursor amorphous Si (a-Si) films on low-cost substrates have attracted significant interest as solar cell material, because they have the advantages of high stability against light-induced degradation, long carrier diffusion length and resulting high carrier mobility originating from the absence of a-Si, and lower Si material usage than bulk crystalline Si (c-Si) solar cells. There have been a number of advanced investigations based on thermal equilibrium treatment such as furnace annealing 1) and metal-induced crystallization. 2, 3) Conventional glass substrates with poor thermal tolerance, such as soda lime glass, however, cannot be utilized, because of the high annealing temperature, which induces thermal damage to the glass substrates. This problem can be solved by applying non-thermal equilibrium annealing, which enables us to selectively heat precursor a-Si films, keeping the glass temperature sufficiently low. Flash lamp annealing (FLA) seems to be one of the best methods to crystallize a-Si films, from the viewpoint of solar cell application. This is because the FLA has proper pulse duration on the order of ms, corresponding to thermal diffusion lengths of several tens of µm in a-Si and in glass. This pulse duration is not realized in conventional rapid thermal annealing (RTA) with s-order duration, which results in thermal damage to glass substrates, nor in excimer laser annealing (ELA) with less than 1 µs duration, which results in incomplete crystallization of thick a-Si films. We have succeeded in forming high-quality poly-Si films on glass substrates by FLA. These films have minority carrier lifetimes of approximately 10 µs after termination of the dangling bonds, which were generated during FLA, by using high-pressure water-vapor annealing (HPWVA). [4] [5] [6] [7] In this letter, we report an important improvement of the carrier lifetimes of the flash-lamp-crystallized poly-Si films, up to 100 µs, by simple furnace annealing under nitrogen (N 2 ) ambient.
Chromium (Cr) adhesion layers were first deposited on quartz glass substrates by sputtering, followed by deposition of n The crystallized Si film has high crystalline fraction close to unity. Judging from the microstructure of the poly-Si films, with a large number of fine grains on the order of 10 nm in size, the flash-lamp-induced crystallization is mainly dominated by solid-phase nucleation. 9) In the phase transition directly from a-Si to c-Si, the possible maximum temperature of Si is limited to the Si melting point of 1414 °C, due to a large latent heat of fusion in c-Si (1803.75 J/g). 10) Furthermore, because of the rapid lateral heat transfer into neighboring a-Si, thermal holding time of c-Si at a peak temperature is quite short, roughly estimated to be less than 1 µs. These facts probably lead to suppression of H desorption. The large amount of H atoms remaining in the poly-Si films are expected to terminate defects during post-annealing. 2. Although the high effectiveness of HPWVA for defect termination in Si films is well-known, [11] [12] [13] it also probably induces dislocations in the flash-lamp-crystallized poly-Si films, evidenced by observation of four D lines in the photoluminescence spectrum of the poly-Si films after HPWVA.
7)
The generation of dislocations might be due to high pressure, and defect termination under atmospheric pressure might be better for the suppression of damage to the poly-Si microstructures during the defect termination process. The drastic improvement in carrier lifetimes of the furnace-annealed poly-Si films must be due to effective termination of dangling bonds by the remaining H atoms.
The remarkably long carrier lifetimes we obtained in the poly-Si films with no back-surface passivation structures can be understood as follows. The poly-Si films have in-depth distribution of a crystalline fraction, and the crystalline fraction drops considerably in the vicinity of the Si/Cr interface.
14)
The Si films must therefore have a graded band gap, a wider gap at some distance from the surface, which might prevent photo-generated carriers from approaching the defective Si/Cr interface. Another possibility is the effect of a thin n + -Si layer inserted between Cr and i-Si films, which may act as a blocking layer for holes.
The second relatively slow decay component might be due to trapping-detrapping effects via shallow levels, as has been reported previously. 7, 15) Another possible explanation is that the first decay component is dominated by Auger recombination and the second decay is the actual Shockley-Read-Hall (SRH) recombination. Neglecting radiative recombination, the measured lifetime τ eff can be expressed as 
where C p and C n are the Auger recombination coefficients for holes and for electrons, respectively, and Δn is the excess carrier density. Since C p +C n = 2-35 × 10 -31 cm 6 /s, 16) τ Auger is estimated to be 2-31 µs when Δn=4 × 10 17 /cm 3 , which is significantly smaller than the measured τ eff . According to eq. (1), the initial decay could therefore be governed by the Auger process, and the second decay might indicate the τ SRH , which is more than 300 µs. during 30-min annealing at 400 °C of more than 13 µm, according to reported diffusion coefficients for H atoms in poly-Si at 400 °C of 1×10 -9 cm 2 /s or more. [17] [18] [19] One Further investigation is necessary for more detailed understanding of this temperature dependence.
Assuming that the minority carrier mobility of the poly-Si films is 14 cm 2 /(V·s), shows Raman spectra of these Si films at a Si-H peak position. 
